The rmodynami c fun ction s for ammonia as an ideal gas at one atmosphere pressure have bee n evaluated. The contribution of th e hi ghl y anharmon ic o ut-of-pla ne vibrational mode, in cludin g its large co upling with rotation a nd it s coupLin g with th e other vibrational modes, is cons id ered in detail.
Introduction
This paper is part of a program originating with the Office of Standard Refere nce Data of th e National Bureau of Standards to obtain accurate th erm ody-:< namic proper ti es for ammonia. Subsequent papers of thi s program will include real-gas correcti ons to th e ideal-gas prope rties contained herein .
In this paper the ideal-gas th ermodynamic properties of ammonia in the ground electroni c state are calculated at closely spaced te mperature intervals from 50 to 5000 oK. The calculations include th e co ntribu-., tion s of ordinary vibrational anharmonicity and vibrational-rotational coupling toge ther with rotational stretching and rotational quantum effects . Particular attention is given to the treatme nt of the rotational and vibrational anharmonic effects due to the molecular inve rsion. To this end a method is developed for calc ulatin g this contribution suc h that an overall acc uracy for the thermodynamic properties of ammonia approaching that of the simplest diatomic molec ules is obtained.
In the vibrational ground state ammonia is a pyram- acterized by the SIX quantum numbe rs (v IV2Vl"vi4 ) , where the Vi are the principal vibrational quantum numbers associated with th e vibrational modes Vi and the I characterize the small co upling of the degenerate V 3 and V4 asymmetric vibrational modes with th e angular mome ntum of the molec ule . The VI and V2 modes are symm e tri c, nondegenerate vibrations corres ponding to s tretchin g th e N-H bond and spreading the pyramid , respectively. (The V 2 mode is also referred to as the out·of-plane vibration.) Th e rotational stru cture for the ground state is that of a symmetric top , so that the rotational en ergy le vels are characterized by th e two quantum numb e rsJ and f( . The V 2 mode is th e vibration associated with the inversion of the pyramid. Each vibrational state of this mode is split into two co mpone nts , corresponding respectively to symmetric and antisymmetric eigenfun ctions. (In the nomenclature these are identified by the superscript "s" or "a" to the quantum number V2.) The spacing of these levels is highly anharmonic except for vibrational energies sufficiently higher or lower than the potential barrier to inversion. Thus the vibrational levels for the ground state of the V2 mode are only slightly split, of the order of a fraction of a wavenumber, but the splitting increases rapidly with increasing vibrational quantum number. At e nergy le vels sufficiently elevated above the barrier (greater than about 3000 em-I) the levels beco me uniformly spaced with a spacing of approximately half that of the V 2 fundamental. Similarly, due to inve rsion the rotational structure undergoes a tran sition from that of a pyramid for the low values of the V2 quantum number to that of a planar molecule for th e hi gher values, so that the rotational motion is also strongly co upled to the V2 mode. For a more de tailed di sc ussion of these effects , see the review by H erzb er g [2] of th e pyramidal XY3 molecule and Nielsen [3] . The e ner gy structure l of the other vibrational modes is similar to that of typical, slightly anharmonic rotating vibrators .
In section 2 the equations for the calculations are developed. This is followed in section 3 by a discussion of the molecular data , and in section 4 by a discussion of the calculated properties and an evaluation of their accuracy. Finally, a discussion is given in section 5
of some of the earlier work.
Partition Function
It is convenient to represent the rotational and vibrational structure by an expression for which the energy levels of the V2 mode and its coupling with the other degrees of freedom are written explicitly. Thus the energy levels in wavenumbers are written
where the primes denote that dependence on V2 is omitted. The first term in eq (1) describes the vibrational energy characterized by (v IOvj 3 d') and in notation similar to that in Herzberg -[2] is approximated
where the Vi are fundamentals and the x and g are relatively small anharmonicities. The second term in eq (1) is approximated by
where Cv is the rotational constant corresponding to rotation about the symmetry axis and Bv is the constant for axes perpendicular to the symmetry axis. The quantities D{" D{,K, and D~ are small coefficients associated with centrifugal distortion of the molecule. The subscript v to each of the coefficients of eq (3) indicate dependence or coupling with the vibrational motion. The primes indicate that dependence on V2 is omitted; that is , the rotational constants of eq (3) are evaluated for V2 equal to zero. The coupling of the rotational motion to vibrations other than the v; mode is· relatively small and is included here only to first order in the fundamentals. where Bo and Co are rotational constants , and the ex are small corrections. All coordinates involving the 1'2 mode, including its coupling with the other degrees of freedom are included in G2• Thus G2 includes those effects characterized by The partition function for the rotational and VIbrational structure may be written
where T(v, j , K) is discussed in eqs (1), (2), and (3). C2 is the second radiation constant and T is the absolute temperature. The sum extends over all rotational and vibrational degrees of freedom including all values of the v, j, K quantum numbers.
In the evaluation of eq (4) the contributions of the vibrational anharmonicity and vibration-rotation coupling effects contained in eqs (2) and (3) are all to be accounted for to first order; that is, only terms linear in x , g, and ex are retained. Though G2 is not conveniently described by the usual power / series in the vibrational quantum numbers, its contribution, including coupling effects with the other degrees of freedom , is also to be included to this order.
The contribution of the G2 term is obtained by expanding the partition function about the term-byterm sum of the observed (Ov200) energy levels. This summation incorporates the major effect of the highly anharmonic 1'2 mode, which is the coupling between the symmetric and antisymmetric states, but it does cc not include the contribution of the V2 coupling with the other vibrational modes. From an examination of the spectroscopic vibrational data (see Benedict et al. [4] ) , it can be seen that this cross coupling produces a shifting of energy levels of about the same magnitude as that of the other vibrational couplings (those represented by the x and g terms in eq (2)). Thus the con-~ tribution to the partition function of this cross coupling I should be of the same order as that from the other anharmonicities, and a first order approximation for this contribution should be adequate.
In the expansion that follows expressions for the cross coupling are developed and their contribution for each individual (Ov200) state obtained explicitly. ( The cross coupling between a pair of vibrational states, e.g., states corresponding to the particular quantum numbers VI and V2, is defined as (5 ) where G(VIV2V~1V~) is the vibrational energy. A useful ",I
representation for the coupling involving the highly anharmonic 1'2 mode is the development of GV,V2 as a power series of products of the observed energies , that is (6) I
<I
The constant kl2 is readily determined in terms of the observed coupling. Thus for coupling between the fundamentals the observed coupling XI2 is given by + ...
No te th at eq (6) reduces identically to the power series of e q (2) when the cross coupling is between nearly harmoni c modes.
Con si de r th e energy of the nearly harmoni c oscil-;> lator lim , neglecting all anharmonicities but the cross co uplin g with lI2. The energy levels for such an oscillator are given by
Substituting from eq (6) and defining E2 "" C(Ov200), thi s be comes (7) Th e co ntribution of Gill to the partition function is the factor (8) where dill is the de generacy of th e mth mode. The anharmoni city term in the expone ntial of eq (8) is now expanded and only the linear term retained to yield
Using th e ide ntity th e co ntribution of QIII becomes
where
The factor (I -Am) is the contribution of the interaction of a particular (Ov200) e nergy state with th e mth vibrational mode , and it depends ex pli citly on E2• It is clear th e n that the e ffect of thi s co upling is to modify each of the t e rm s in the term-by·term s um over the (Ov200) e nergy le vels by the fa ctor (1 -hili) ' The term-by-term s um in cludin g cross co uplin g with th e oth er vibrational modes is thu s given by
T). (12)

E2 In
The prim e indicates that the m = 2 factor in th e product correspo nding to self couplin g of the lI2 mode is omitted.
The coupling of rotation with the lI2 mode is included by ev aluating the classical rotational partition function for each of the (Ov200) e nergy levels and e mployin g these as se parate weighting factors to each of the terms in eq (12) . These factors are the usual expression for a classical nonrigid rotator, The quantities U"B and u"c are given by, where BV2 and Cv• are the observed rotational constants for th e parti c ular (OvtOO) ene rgy level. The factor
is th e contri bution of rotational stretching (see, for example (5 and 14)), where the p are calculate d from the rotational stretc hing coe fficients that apply to the particular (Ov200) level.
One further simplifi cation is required in order to evaluate th e out-of-plane contribution. This is to obtain an approximation for the contribution of the energy levels corresponding to high values of the V2 q uantum numb er. Note that the V2 mode is nea rl y harmoni c for e nergie s corresponding to the fourth quantum number a nd high e r, so th at the co ntribution of thes e levels may be rep laced by th e well -kn ow n ex press ion for a s li ghtl y a nh armo ni c rotatin g vibrator. Combinin g eqs (12) a nd (13) and including th e closed form ap proxim ation for th e con tribution of th e s ta tes corres ponding to quantum numbers given by U2 > 3 yields the ex pression for (;2 (v, J , f() use d in thi s calc ulation.
where E "" E2 and the s ubscript to E now refer s to the particular V2 quantum numb er. Th e quantity in the braces in eq (14) includes levels only up to V2 = 3 a .
Note t hat the rigid rotati onal co ntribution for the ground state has bee n fac tored from eq (14) . In the exp (-c2 E~sl T) seco nd term the factor 1 ( ' IT) is th e har--exp -C2 V2 and v~ the fundamental. The factor 1-82j is the ordinary anharmonicity coupling with the jth vibrational mode, where
The factor 1 + cp.2 is the well-known contribution of [6, 7, 8] ). With these the complete partition function is finally obtained. (16) As noted earlier the primes on the product summations indicate that factors containing the vibrational coordinate V2 are omitted. The quantity 5 is the symmetry number. For the usual symmetric top molecule this has the value three. However, each of the components of the nondegenerate but split (Ov2 00) levels have been counted with a statistical weight of unity, so that the factor QV2 is larger by a factor of two. This error is corrected by setting 5 = 6. (Incidentally 5 = 6 corresponds to the symmetry for a planar configuration for NH3 , and eq (16) might be thought of as an expansion about this planar configuration.) The product over m is the harmonic oscillator contribution for the modes other than V2; the products over ij and over k are the corresponding anharmonicity and rotation-vibration coupling contributions, respectively. The degeneracy coefficients d are unity for m= 1,2, and two for m=3, 4.
The 8ij and cf>k are given by eq (15). Qtr is the usual contribution of translation. Lastly, the factor Qqr is a correction for rotational quantum effects. It is very small at temperatures for which the vibrations are appreciably excited, so that it is not coupled to the V2 mode. The contribution Qqr is given by Stripp and Kirkwood [9] for an asymmetric rotator, which for a symmetric top rotator reduces to
Molecular Data
The molecular data upon which the calculations are based are listed in tables 1 and 2. Table 1 lists the data sensitive to the inversion coordinates and utilized in the term-by-term sum (the quantity in braces in eq (14».
The vibrational energies corresponding to V2 = 0, 3 are from [4] . The Df-.
7.5 X 10-' 10.5 X 10-' 10.5 X 10-' -11.3 X 10-' [36] .
>
Thermodynamic Functions
The thermodynamic properties of ammonia as an ideal gas at a pressure of one atmosphere are listed in • table 3. These include the Gibbs (free) energy function, en thalpy function, heat capacity at constant pressure, and entropy tabulated in dimensionless units at closely spaced temperature intervals from 50 to 5000 oK.
> Should it be desired to obtain the properties for a prescept fo r C~/R above 2500 OK which is truncated at three) but at best they are accurate to three decimals. It is felt that the additional significance could be useful in applications involving differences between the entries . As indicated by the earlier discussion the present calculation , except for the out-of-plane vibrations, is based on an expansion about the harmonic oscillatorrigid rotator modeL In this expansion only first order (linear) terms in the coupling between the various degrees of freedom are re tained. In addition to the errors inherent in the derivation of the partition function, eq (16) , there are also errors due to uncertainties in the molecular constants, errors which arise from certain resonances between several of the low-lyin g vibrational states, the effects of which are omitted , and lastly errors arising from omission of excited electronic states. The expansion about the harmonic oscillator limit largest error of this type occurs for the V4 mode. Thus for the most sensitive function, the heat capacity, the uncertainty at 2000 oK is less than 10-2 dimensionless units, but increases to the order of 0.1 at 5000 oK. The higher order anharmonicities would contribute an uncertainty perhaps as large. Though the anharmonicity coefficients Xli' and Xl3 have large uncertainties, the errors introduced by these are mitigated by the fact that the fundamentals Vl and V3 are large. A 50 percent uncertainty in XII and XI3 results in an error of about 0.05 dimensionless units in C~/R at 5000 oK. Setting g33 equal to zero introduces negligible error since this coefficient introduces a small correction to an already small anharmonic contribution (owing to the large value of the V3 fundamental). The remaining anhar· monicities (other than the X22 value in table 2) are probably accurate to better than several percent, and the uncertainties resulting from these are compara· tively small. Uncertainties arising from errors in the rotational fundamentals are also comparatively small, as are uncertainties resulting from the use of estimates for some of the rotational stretching constants. The uncertainties that arise from errors in the rotation· vibration coupling constants are perhaps half as large as those arising from errors in the anharmonicity coefficients.
The uncertainties in the values used for the fundamental frequencies are less than several tenths of a wavenumber, and the uncertainty from this source is negligible. Also negligible are the uncertainties due to errors in the observed overtones of the V2 funda· mental.
It is somewhat more difficult to determine the uncertainty resulting from estimates used for the molecular constants in the second term in eq (14) . The largest uncertainty here arises from possible errors in v~ and E 4' . An uncertainty of several percent in these results in an uncertainty in C~/R of less than 0.002 dimensionless units at 1000 oK, which increases to a maximum near 2000 oK of less than 0.01 dimensionless units. The errors from estimates of the vibrational coupling constants used in this term are completely negligible below 2000 oK. Even if a 100 percent uncertainty in their contribution is assumed, the resulting uncertainty at 5000 oK still would be less than 0.1 dimensionless units in C~/R.
The spectrum of ammonia is further complicated by several large resonances that occur between some of the low lying vibrational bands, such as the reso· nance between the combination bands (2V4 + V3) and (VI + V3) and between the bands 2V4 and VI as discussed in [4] . Since the resonances tend to displace the respective bands symmetrically about their unperturbed , values, it can be shown that the errors are less than the neglected higher order anharmonicities. A similar ' I type of error occurs in the treatment of the coupling of the V2 mode with the other modes. The coupling constants as reported are the average of the symmetric and antisymmetric values. Thus the effect of this approximation is to introduce errors similar to those arising from neglect of the resonances discussed above. The treatment of centrifugal distortion, which includes a \ quadratic term in the temperature, is consistent with I the other approximations and the error from this source at 5000 oK is probably less than 0.05 in C~/R. At the low temperature end there is a small error arising from the rotational quantum approximation Qqr (eq (17)). At 100 OK this error is less than 10-3 in C ~/ R, but is appreciably larger at 50 oK.
Finally, the U. V. absorption spectrum indicates bands extending from ~ 46,000 cm-1 to over 100,000 cm-l , as discussed, for example, in [13] . The error from omission of these even at the very highest temperatures considered here is completely negligible. I It is felt, therefore, that the uncertainty in the tables in the temperature region 100 to 1000 OK is probably~" less than 0.003 dimensionless units in C~/R. This uncertainty increases to 0.02 at 2000 OK and then increases very rapidly to perhaps 0.3 at 5000 OK. A more complete list of the uncertainty estimates, including those for the enthalpy and entropy, are given in table 5. 
Discussion
Ideal-gas calculations for NH3 have been reported in the literature since the early thirties, but many of' 1... these calculations were based' on relatively incomplete ' and inaccurate molecular data and on simplified struc-I tural models. Also, for the most part, the temperature ranges were somewhat limited. The references '~, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] are representative of these early efforts. Some of the more recent calculations which have been widely used include those of Harrison and Kobe,- [28] who calculated the heat capacity, enthalpy, anef entropy from 273.16 to 1500 oK. They included the I major effects associated with the molecular inversion by summing the lower states of the V2 mode term by~ term, but omitted all vibration and rotational coupling effects other than rotational stretching. The review by I Davies reported in the monograph edited by Din [29]< , includes the specific heat , entropy, and enthalpy from 200 to 1000 oK. The calculation follows essentially the procedure in [28] , except that centrifugal stretching > is omitted. Also it appears that the contribution of the states in the term-by-term sum of the 112 mode was omitted above the level 3 a . The most detailed of the previous calculations is that reported by Yungman > et a l. [301 , (wh ic h also appears in [161) , in which th e free energy, e ntropy, and enthalpy are tabulated at 100 O K intervals from 298.15 to 6000 OK. In addition to the f;> term-by-term sum for the 112 mode, this work also in-, cludes several of the first order vibrational and rotational coupling contributions. It omits, however , the contributions due to coupling of the 112 mode with the > other vibrational modes, and includes a somewhat simplified coupling of the 112 mode with rotation. These calculations are based on essentially the same moi lecular data as those reported here, except that the values used for the vibrational coupling constants X13 and X44 are about twi ce as large. One of the most widely used set of tables is that of JANAF [31] . The reference refers to the latest revision for ammonia, September 30, 1965 . This calculation follows the procedures of [28J and [30] , though the specific details are not given in :> the text. Finally, there are several recent calculations based on somewhat simplified molecular models , whi ch are included in references [32] [33] [34] .
The figures 1 and 2 include a comparison of some of the previous calculations with those made here. The I ordinates are the deviations from the present calcula->-tions, that is the present calculation minus the others. 
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c urve #5 in figure 1. At the low temperatures the agreement is quite good, but as the temperature is increased, a positive deviation occurs until about 3000 OK, when the deviation becomes strongly negative. The difference at the lower temperatures is probably due to their simplified treatment of the coupling of the 112 mode with rotation. At temperatures above 1000 OK, the dominant contribution to the difference is from the X24 term omitted in [30] which yields a positive co ntribution. At temperatures above 3000 OK, the dominant contribution is from the omitted X12 and X23 te rms whic h yield large negative contributions. In addition to th ese, the high value they used for X44 (larger by a factor of two) tends to redu ce the differences at temperatures below 3000 OK, but magnifies them above. The same general co mme nts apply to the JA NAF [31 1 compariso n as seen in cu rve #1 , exce pt that the differe nce goes negative at somewhat higher temperatures and the positive deviations are considerably larger. In cidentally, the JANAF and Harrison and Kob e [281 (curve #4) calc ulation s ar e nearly identi ca l for temperatures up to 1000 oK. Curve # 3 applies to a modified rigid rotator harmonic oscillator calculation as given in an older (now superseded) JANAF table. The co mpari son for c urve # 2 [29 1 illu stratt> s th e se n· sitivity to the omission of the hierar chy of states corresponding to large V2 quantum numbers (V2 > 3).
The differences plotted in figure 2 exhibit essentially the same behavior as those in figure 1 except that they are somewhat larger.
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